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They have been extensively studied, but several molecular-level details of their action are still missing. Here we present molecular dynamics simulations of their absorption and diffusion through cell membranes. We show that, due to their hydrophobic character, dioxins can quickly penetrate into a lipid membrane, both as single molecules and as aggregates. We find clear evidence for their ability to accumulate in cell membranes. Our free energy calculations indicate that subsequent transport into the cell is unlikely to be a simple diffusive process.
Dioxins are a group of chemicals that share certain structural features and biological modes of action. 1 About thirty dioxinlike compounds have been identified and they belong to three closely related families: chlorinated dibenzo-p-dioxins (CDDs), chlorinated dibenzofurans (CDFs) and certain polychlorinated biphenyls. The name dioxin is also used for the most well-studied and toxic compound in the CDD series, 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD, see Scheme 1). CDDs and CDFs are not naturally occurring chemicals, but they can be unintentionally produced and introduced into the environment by a number of human activities: combustion of chlorinated compounds, chlorine bleaching of pulp and paper, certain types of chemical manufacturing and processing, accidents in chemical plants and other industrial activities. 2 They are potent animal toxicants with the potential for producing a broad spectrum of adverse effects in humans. Due to their chemical stability and strong tendency for being absorbed by fat tissue, dioxins persist for a long time in the body. They can alter the growth and metabolism of cells, leading to adverse effects such as impaired reproduction, abnormal development, suppression of the immune system, chloracne and cancer. [3] [4] [5] Based on the weight of animal and human evidence, TCDD has been classified as a ''human carcinogen'' under the EPA's draft guidelines, 6,7 the other dioxins being ''likely human carcinogens''.
The mechanisms of action of TCDD have been extensively studied. TCDD and related dioxins are well established ligands for the aryl hydrocarbon receptor (AhR), [8] [9] [10] a protein which modulates the transcriptional activation of many genes, including those involved in fatty acid metabolism, cell cycle regulation, immune response and xenobiotic metabolism. Binding of TCDD to AhR triggers its translocation into the nucleus and its heterodimerization with the AhR nuclear translocator protein (Arnt). 8 The AhR-Arnt complex activates transcription by binding to dioxin-responsive elements, although some studies 10 question the absolute requirement of AhR for transactivation of TCDD-responsive genes and hint at the existence of alternative, AhR-independent pathways. There are several other uncertainties and missing details in this picture, but the absorption and diffusion of TCDD within the cell membrane and into the cytoplasm are clearly the essential first steps. Despite the large number of studies on its toxicokinetics, 1, 6, 7 the current understanding of how these processes occur at the molecular level is quite limited. Further progress may soon be made, thanks to recent crystallographic results on the AhR structure.
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Molecular dynamics (MD) represents a powerful computational tool, which has been used to characterize the partitioning of small organic molecules in cell membranes. 12 Other studies have been conducted to investigate the accumulation and the diffusion of organic contaminants, [13] [14] [15] as well as ion and drug transport. [16] [17] [18] MD has also been applied to study the interaction of TCDD and related compounds with inorganic 19 and
a Dipartimento di Chimica, Materiali e Ingegneria Chimica ''G. Natta'', organically modified clays, 20 as well as ionic liquids, 21 in order to understand their absorption characteristics and test their effectiveness in the removal of these contaminants from the environment.
In the work reported herein, we have applied MD to simulate the absorption and diffusion of TCDD, from water into a model membrane made of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). A force field for the description of the bonded and nonbonded interactions of TCDD was developed from suitable OPLS-AA parameters. 22, 23 For the DPPC membrane, we adopted a recent united-atom lipid force field, 24 which was designed to be compatible with OPLS-AA. We used the TIP3P model for water. 25 All simulations were carried out using the GROMACS-4.6
program suite, 26 at constant temperature (325 K) and pressure (1.0 atm). As an input structure for the simulations, we used a pre-equilibrated bilayer containing 128 DPPC molecules in water 27 (average simulation box size: 6.4 Â 6.4 Â 12.0 nm; the membrane is perpendicular to the z axis). A variable number of TCDD molecules were placed in water, to simulate systems with different concentrations of this pollutant. Henceforth, a system containing N dioxin molecules will be denoted N-TCDD.
Further details are given in the ESI. † As a starting point for our investigation, we have considered the absorption dynamics in the 1-TCDD system. As shown in Fig. 1 , a TCDD molecule may approach the bilayer several times within a 20 ns simulation (A), before a significant interaction with the membrane occurs (B). At this point, the molecule enters the membrane in less than one ns (C). Once absorbed, it locates preferentially at about 1 nm from the bilayer centre (D).
To gain more quantitative information on the absorption process, we performed position-restrained simulations on the 1-TCDD system. [29] [30] [31] [32] [33] [34] [35] The free energy DG(z) and local diffusion coefficient D(z) of dioxin were evaluated via the force autocorrelation method. 30 To enhance the sampling, all quantities were averaged over five independent sets of simulations, each comprising twenty equally spaced positions along the bilayer normal, from 4 to 0 nm. Further details, including statistical tests of the convergence of the free energy, are provided in the ESI. † The final free energy profile, shown in Fig. 2 , confirms that absorption into the membrane is a spontaneous process, with little or no barrier to the entrance of one TCDD molecule. The position of the absolute free energy minimum is consistent with the MD simulation of Fig. 1 , confirming that the molecule locates preferentially away from the membrane centre. This contrasts with the results obtained for small organic molecules, 12 and suggests that TCDD behaves more like C 60 (ref. 13, 14) and pyrene, 15 in this respect. The free energy change on transferring it from water (z 4 4 nm) to the bilayer (z E 1 nm) is À43 AE 1.8 kJ mol À1 .
Its absolute value is higher than that found for benzene (À4.8 kJ mol À1 ) 12a and benzocaine (À24.0 kJ mol À1 ), 18 but comparable to that estimated for C 60 (À35.0 kJ mol À1 ). 13 The permeability of a membrane, which is the truly relevant and experimentally accessible quantity, is the proportionality factor linking the steady-state flux of molecules ( J) to the concentration difference between its two sides:
According to the inhomogeneous solubility-diffusion model, 30, 32, 33 it can be calculated from the integral of the ratio between exp(DG(z)/RT) and D(z). Our final result is P = 33.7 AE 1.2 cm s À1 . The current lack of experimental data on dioxin permeability prevents us from testing this value, but it can be compared with some literature data for other compounds. Using a multiscale MD simulation Orsi et al. 33 , respectively. The permeabilities of cholesterol and its 4-hydroxy derivative have been estimated at 47 cm s À1 . 37 Overall, a value between 5 and 50 cm s À1 appears to be reasonable for TCDD, in view of the balance between its hydrophobicity and polarity. This further confirms the tendency of dioxin to be quickly absorbed by DPPC. The calculation of structural parameters, such as the areaper-lipid, and membrane thickness, revealed no major changes in the bilayer structure upon dioxin absorption (see ESI † for details). Instead, there is a strong correlation between dioxin absorption and orientation. Fig. 3 shows the tilt angle between the TCDD molecular plane and the normal surface vector during a 20 ns MD simulation. It can be seen that the molecule adopts a perpendicular orientation when it enters the membrane. After the absorption, the tilt angle increases as the molecule reaches a stable configuration, with a preferentially parallel orientation (see also Fig. 1C and D) .
As a next step, we have investigated systems containing N = 2,3,5 or 10 TCDD molecules. These simulations lasted from several tens to hundreds of ns (see ESI †). Due to strong hydrophobic interactions, the TCDD molecules quickly aggregate in water to form clusters. Like the single molecule, also the clusters were observed to approach the membrane surface several times before entering it. In all cases, the absorption of a whole cluster is triggered by the entrance of one molecule into the membrane. Fig. 4 shows this process for the 10-TCDD system. After the absorption of the first molecule (Fig. 4A) , the remaining ones penetrate into the membrane almost sequentially. The average distance between the molecular centres-of-mass during absorption was similar to that observed in water, suggesting that the process is driven by strong intermolecular interactions among TCDD molecules. Shortly after the entrance of the last molecule (Fig. 4B) , the cluster breaks up and the molecules settle on either side of the bilayer, at about 1 nm from its centre, in analogy with the 1-TCDD system (see Fig. 5A ).
Analogous processes were observed for the smaller clusters. In some cases, we observed the clusters split into sub-units, which then were all sequentially absorbed. In all cases, the absorption of single clusters took a few nanoseconds to complete, regardless of its size. In order to assess the ability of TCDD to accumulate in DPPC bilayers, we also performed a series of simulations sequentially loading the membrane with two clusters of a given size. Even for the largest system considered (10 + 10-TCDD, meaning that 10 further molecules were added to the aqueous phase of the equilibrated 10-TCDD system), we found that the absorption of the second cluster was little affected by the TCDD molecules already present in the membrane. The distribution of the molecules within the membrane resembled that found in the 10-TCDD system (see Fig. 5B ). This suggests that TCDD can accumulate in DPPC bilayers to a large extent, apparently without affecting membrane permeability.
We note that the concentration of TCDD in our simulations is higher than that established by risk assessment studies. 1 Local clustering may nonetheless occur, to form stable aggregates that are quickly absorbed, as shown by our simulations. Although preliminary, these results suggest that cluster absorption may enhance dioxin storage in cell membranes. Considering the apparent stability of the membrane even at extreme TCDD loadings and the highly hydrophobic nature of this molecule, we believe that subsequent transport of TCDD into the cytoplasm of the cell can hardly be a diffusive process, probably requiring the mediation of dedicated transport mechanisms.
Our future work will focus on some of these issues, including also the study of structurally similar molecules and more realistic membrane models. Future refinements to our modeling strategy will eventually include the adoption of other enhanced sampling techniques (e.g. temperature accelerated MD, or metadynamics), [38] [39] [40] as well as the inclusion of atomic polarization to have a better description of the energetics in the passage from a polar to a non-polar environment. [41] [42] [43] [44] 
